M aterials scientists and nanotechnologists are struggling with the challenge of managing the large volumes of multivariate, multidimensional, and mixedmedia data sets being generated from the experimental, characterization, testing, and postprocessing steps associated with their search for new materials. In addition, they increasingly require access to a number of largescale and complex databases (both public and commercial) containing crystallographic-structure data, thermodynamic data, phase stability data, and ionic-conduction data. As a result, materials scientists are demanding data management and integration tools that enable them to search across these disparate databases and to correlate their experimental data with external, publicly available data, in order to identify new fertile areas for searching. Systematic data integration and analysis tools are required to generate targeted experimental programs that reduce the duplication of costly compound preparation, testing, and characterization.
As a result, the discipline of materials informatics is emerging to address the issues of data management, curation, integration, and analysis that are challenging materials scientists. Materials informatics is defined as the high-speed robust acquisition, management, analysis, and dissemination of diverse materials data. Moreover, materials data access, acquisition, interoperability, and curation were recently identified as critical cyberinfrastructure imperatives for the materials science community. 1, 2 Critical requirements specifically identified include persistent unique identifiers for materials science resources; metadata standards for describing samples, processes, and properties; common semantic models and ontologies to enable mapping between database schemas, information integration, and semantic interoperability; and laboratory information management and provenance capture systems that capture both the laboratory procedures as well as the postprocessing of the data. Semantic Web technologies are essential to addressing many of these issues.
In this article we describe MatSeek-a Semantic Web application that aims to address the challenges associated with integrating heterogeneous databases associated with materials science. (For a look at other attempts to integrate databases for materials science, see the sidebar on the next page.) A machine-processable ontology is used to correlate processing parameters with nanostructure and physical and chemical properties, in order to help scientists discover potential new materials for specific, highpriority applications.
MatSeek provides a federated search interface over the critical materials science databases. Based on an OWL ontology (MatOnto), it provides a single Web-based search interface to the Inorganic Crystal Structure Database (ICSD), 3 the Ionic S e m a n t i c S c i e n t i f i c K n o w l e d g e i n t e g r a t i o n T he process of integrating data from multiple independently developed databases presents significant challenges to materials scientists that include resolving differences in metadata terms as well as data structures, formats, and metrics. Here we review three previous approaches to addressing these challenges within materials science: data warehouses, XML Schemas, and the adoption of Semantic Web technologies.
The data warehouse approach, proposed by Y. Li, aims to address the issues of low precision and recall of retrieved data during materials selection processes. 1 It extracts data from databases, identifies and resolves data differences, and loads cleansed data into a centralized repository. As a result, it provides a single platform for end users to search data quickly and easily, improves the recall and precision rates, and ensures the availability of deposited data. However, this approach is inflexible and cannot easily adapt to changes in back-end database schemas or the addition of new databases. Additionally, it incurs costly overheads for data update, cleansing, and maintenance. These limitations led to the development of a more flexible approach based on XML schemas-MatML (Materials Markup Language).
MatML is an extensible markup language developed especially to facilitate the exchange of materials information. It can uniformly represent materials property data to resolve syntactic and structural heterogeneity. Because MatML is simple, flexible, and human understandable, it offers many benefits to materials scientists and engineers. 2 Basing MatML on an XML Schema provides a shared vocabulary and formalized constraints over data structures and types. However, XML Schemas are based on a tree structure (acyclic graph) that has monotonic, implicit, and ambiguous relationships between connected nodes. As a result, XML Schemas provide little support for the semantic knowledge necessary to enable flexible dynamic mappings between vocabularies.
In contrast to XML schemas, OWL ontologies enable semantic mapping between domain-specific knowledge structures by declaring binary relationships between nodes, and enable the inferencing of new relationships between nodes via reasoning engines. Within the materials science community, there have been two previous efforts at applying Semantic Web technologies to materials science data integration issues.
Xiaoming Zhang and his colleagues developed two types of ontologies: domain-specific and mapping ontologies. 3 The domain-specific ontologies include global and local ontologies. The global ontology, named the Semantic Model for Materials Scientific Data (SMM), encapsulates the highlevel structure of the materials science knowledge. The local ontologies are based on local database schemas. Mapping ontologies define the mappings between terms in the SMM ontology and local ontologies and between the local ontologies and database schemas. However, the authors do not discuss how they ensure SMM quality, particularly in terms of coherence. 4 Zhang and his colleagues developed the mapping ontology-the data source description ontology (OWL-DSDO)-for structuring names of databases, entities, and attributes from domain-specific database schemas at the instance level. They then mapped the local domain-specific ontologies to the OWL-DSDO ontology at the class level through the declared object properties RelatedOntClass and RelatedProperty. They also developed inference rules for defining new concepts such as CorrosionResistantMaterial.
Toshihiro Our approach is similar to Zhang's SMM ontology and Ashino's Materials Ontology. We have developed MatOnto (for more on MatOnto, see the main article) as an extensible ontology for encapsulating materials science knowledge. However, our approach differs from previous efforts. The design of our ontology has been directed by the entities and attributes that exist in the experimental data sets and external databases that we are attempting to integrate. We have adopted a more practical, user-driven approach than previous, more theoretical efforts, and we have chosen to base our ontology on an upper ontology to support extensibility (we discuss this in more detail in the section "Implementation and User Interface" in the main article).
Radii database, 4 and the US National Institute of Standards and Technology (NIST) Phase Equilibria Diagrams (PED) Database. 5 It combines Semantic Web and Web 2.0 6 technologies to provide a single Web-based platform to key materials science databases and analysis tools; enable the mapping between database schemas and the consequent integration of heterogeneous and disparate data sets; construct ontology-based query statements dynamically and precisely; provide an intuitive, Google-like, userfriendly search interface; and enhance the interactivity and usability of computer-based tools for materials scientists.
An Example Scenario
At the University of Queensland, we are working with fuel cell scientists based at the Australian Institute of Bioengineering and Nanotechnology (AIBN) who are searching for novel oxygen-ion-conducting materials that can operate more efficiently at lower temperatures for longer durations. For example, a critical component of a fuel cell is the electrolyte. The compound used for the electrolyte must have oxygen conductivities > 10 -1 Scm -2 (Siemens per centimeter squared) and mechanical and chemical stability at elevated temperatures (500°C). In order to discover new potential compounds for fuel cell electrolytes, fuel cell scientists want rapid answers to queries such as "Give me compounds that contain tungstenoxygen-X (where X is a different cation), with bond lengths between Y and Z nanometers, with large anomalies and anisotropy in the positional parameters of oxygen, and with bond angles between J° and K°, and that are stable below 500°C."
To answer such queries, scientists currently have to manually search, retrieve, process, and correlate data from a number of related but disparate databases including the ICSD, the FactSage thermodynamics database, the Ionic Radii database, and the NIST PED Database. One of the greatest hurdles to this process is that the search interfaces, metadata terms, data structures, formats, and metrics are inconsistent across these databases. For example, temperature factors can be represented in three different formats: the isotropic temperature factor, the temper-
ature factor, and the mean square amplitude of vibration. Sophisticated database integration and mining tools are required so that fuel cell scientists can more easily retrieve answers to such queries and iteratively home in on potential new areas of interest deserving of investigation.
MatSeek is designed and developed to seamlessly interrogate, retrieve, integrate, and present data across the databases. Figure 1 illustrates the scientific workflow and envisaged methodology in which MatSeek will be employed to drive the experimental program for preparing and testing novel compounds. Figure 2 illustrates the overall system architecture, which comprises a set of key components on the server and client sides and the MatSeek Web search interface. The design of the system was based on a decision to adopt Web 2.0 technologies such as Ajax and Web services. This approach enables fast, flexible development of a user-centric application that provides real-time access to changing, shared data.
System Architecture
On the server side are these key components:
The MatOnto ontology 7 is represented in OWL and provides the mediation between queries across the disparate databases. A detailed description of MatOnto is provided in the next section. Apache Axis2 8 is the core engine for Web services. An independent, adaptable, and reusable Web service provides the search entry point to external databases including the ICSD and the Ionic Radii database. A Web application has been developed using JavaServer Pages (http://java.sun. com/products/jsp) on top of Apache Tomcat. This provides the gateway to searching the NIST PED Database, rendering 3D crystal-structure images, calculating bond lengths and angles, locating and retrieving scholarly references, and exporting Crystallographic Interchange Format (CIF) files.
On the client side are the components on which MatSeek's search interface is based: S e m a n t i c S c i e n t i f i c K n o w l e d g e i n t e g r a t i o n A Sparql JavaScript library (www. thefigtrees.net/lee/sw/sparql.js) supports querying of the ontologies on the server side. An OpenLink Ajax Toolkit framework (OAT, http://oat.openlinksw.com) enables MatSeek to invoke the Web service for data retrieval at the server side and present retrieved data at the client side. OAT is an open source JavaScript-based library for browser-independent rich-Internetapplication development. Ajax programming is a Web 2.0 development technique that enhances Web pages' responsiveness, interactivity, and usability. 9 MatSeek's user interface is rendered by the Dojo widget library. 10 Dojo is an open source JavaScript library, designed for the rapid development of Ajax-based applications and Web sites. The Ontologies This section describes the MatOnto ontology, which defines the key materials science concepts, and the Referential Relationship ontology, which is used to relate concepts between different databases.
The MatOnto Ontology
The aim of MatOnto is to represent and relate knowledge about materials, their structure, and properties and the processing steps involved in their composition and engineering. 7 In addition, MatOnto should provide an extensible framework that encapsulates the top-level structured knowledge of materials science; enable integration of and mapping between disparate databases within the materials science domain; enable the modeling and capture of precise provenance data in both the digital and physical domains (this is essential to enable verification, validation, comparison, and reuse of experimental results); and Because MatOnto needs to be able to describe events and objects in both the real physical world and the digital domain, and needs to be extensible to incorporate new databases as they become available, the decision was made to base it on an upper ontology. Dolce 11 was chosen as the upper ontology because it has been previously extensively validated through numerous applications and has ongoing support and maintenance. Dolce stems from the Entity root class, which has three subclasses: Endurant, Perdurant and Abstract, from which we define MatOnto subclasses, including the root class matonto:Material.
We The relationships between these classes and properties are illustrated in Figure 3 .
In the design of MatOnto, we also leveraged a number of existing peer-reviewed ontologies: Ontolingua's Standard Units and Dimensions, 12 the Joint Academic Classification of Subjects (JACS), 13 and the W3C's Time Ontology in OWL. 14 We also extended EXPO, 15 an ontology for describing scientific experiments with the concepts of events and processes, to enable representation of materials processing steps.
We also developed the class matonto: Crystalline (which is a subclass of matonto: Structure). Figure 4 provides an overview of the Crystalline subontology, which also facilitates the link between data in the Ionic Radii database and the ICSD. Figure 5 (on the next page) demonstrates a subset of MatOnto-defining aspects of structural properties and measurement data. This figure illustrates the classes that map onto entity attributes of the ICSD and Ionic Radii database schemas. The arrow labeled owl:equivalentClass indicates that the ICSD chemicalElement and Ionic Radii ion classes have the same instance populations. The methodology for mapping between database schemas is discussed in the section "Implementation and User Interfaces." referential relationship Ontology This ontology models referential relationships between entities within a relational database. Figure 6 (on the next page) demonstrates the ontological structure, which consists of four interlinked classes: database, entity, keyAttribute, and non-keyAttribute. In particular, the keyAttribute class links to itself in a bidirectional way because it contains populations of primary and foreign keys. This ontology enables MatSeek to infer referential relationships between entities through foreign keys from the entity attributes mapped onto search keywords, construct an SQL query statement dynamically and accurately that includes the attributes and entities and that also joins the entities, and • • search with controlled keywords, thereby providing a user-friendly search interface that requires minimum previous knowledge. Figure 7 (on the next page) provides an annotated screen capture of MatSeek's search interface. On the right is an accordion widget that consists of two components: the Search Keywords panel and the Databases and Tools panel.
The User Interface
The Search Keywords panel provides a hierarchical menu of search keywords for browsing. The Databases and Tools panel enables users to access the ICSD, the Ionic Radii database, and the NIST PED database and analysis tools (3D crystal-structure images, bond lengths and angles, scholarly references, and export of CIF files).
• On the top left, the Search panel consists of a text box for targeted search keywords, an accordion widget for customizing search conditions, and a button for invoking search requests. Finally, on the bottom left, the Result panel is in a tabbed-page format that displays each individual search result.
Implementing the System A series of meetings were held with the fuel cell scientists in order to understand and satisfy their precise search and analysis requirements. This user needs analysis was the driving force behind the functionality we describe here.
Consider again the fuel cell scientist from the section "An Example Scenario." He or she wants to search for ternary and quaternary compounds that include tungsten and belong to the cubic-crystal system. Ionic 
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conductivity data is stored in the Ionic Radii database, whereas crystal-structure information is stored in the ICSD. Consequently, MatSeek needs to first support search requests across both the ICSD and Ionic Radii database simultaneously. The aggregated search results are then used as input to the NIST PED Database and analysis tools, which enable further filtering and identification of potential compounds, based on stability and bond lengths. Figure 8 demonstrates the query construction process. First, a user selects search keywords from the MatOnto interface on the right. Second, as the user confirms the selected keywords, MatSeek displays the keywords in the text boxes in panel on the left. The keywords correspond to the entity attributes of the ICSD and Ionic Radii database schemas. Finally, the user can customize search conditions via the accordion container below the text box.
After the user hits the Search button, MatSeek responds to the search request in the following way. First, it maps the search keywords onto the entity attributes in the database schemas through MatOnto. Figure 5 demonstrates the mappings through the MatOnto ontology. For example, the structureFormula class matches the ICSD attribute icsd.STRUCT_FORM, while the ionicRadius class matches the Ionic Radii database attribute ionic_radii.IONIC_ RADIUS. Additionally, the predicate owl: equivalentClass bridges the semantic gap between both databases through the equivalence relationship between the chemicalElement and ion classes in terms of symbolic representations. The simple Sparql query in Figure 9 supports the mappings between search keywords or ontological terms and the entity attributes-for example, MatOnto:structuredFormula and icsd.
STRUCT_FORM.
After mapping search keywords to the entity attributes, MatSeek constructs a SQL query statement for the ICSD (because there exists an implicit whole/part relationship between icsd.STRUCT_FORM and ionic_radii.ION). Given the mapped entity attributes including icsd.STRUCT_ FORM, p_record.EL_SYMBOL, and crystal_system.CRYST_SYS, MatSeek infers referential relationships between these three entities through the Referential Relationship ontology, constructs an SQL query statement dynamically that includes the attributes and entities, joins the entities, and queries the ICSD using the SQL statement. Figure 10 demonstrates how the Referential Relationship ontology models the referential relationships between the icsd, p_record, and crystal_system entities. Through additional inferencing, MatSeek identifies two more entities that were missing components of the referential relationship chain: space_ group and space_group_number. Figure 11 (on the next page) shows the resulting SQL statement generated by MatSeek.
MatSeek retrieves search results from the ICSD in a table format that consists of rows of data items and associated metadata. MatSeek maps the metadata onto the MatOnto class names and specifies the data items as instances of the mapped classes. Figure 12 (on the next page) demonstrates the population of the ICSD resulting data items and their binding through the ICSDResultRow instance. MatSeek also replicates instances of class chemicalElement to ion because of the equivalence relationship. 16 After the replication, MatSeek generates an SQL query statement that includes instances of class ion and the entity attributes in the Ionic Radii database that correspond to the search keywords. Figure 13 (on the next page) shows the resulting SQL statement.
The system queries the Ionic Radii database, retrieves the results, and populates the data so that it is compliant with MatOnto. Figure 12 demonstrates the population of resulting data items from the Ionic Radii database and their binding through the IRDBResultRow instance.
Finally, the system retrieves and presents the complete aggregated results set using the Sparql query statement in Figure 14 (on page 55). This excludes auxiliary instances of the classes ICSDResultRow and IRDBResultRow, converts the collection into a table model, and sends it back to the client application. Figure 15 (on page 55) demonstrates the returned aggregated result set.
Once the user has identified potential interesting compounds using the search functionality we just described, MatSeek then enables users to access the NIST PED Database and additional analysis tools through the Databases and Tools panel shown in Figure 7 .
For example, users might want to submit a particular compound (retrieved by searching the ICSD and the Ionic Radii database) S e m a n t i c S c i e n t i f i c K n o w l e d g e i n t e g r a t i o n to the NIST PED Database to view its stability at different temperatures and its 3D crystal structure. Figure 16a demonstrates the page that results from submitting one of the compounds (listed in Figure 1 ) into the NIST PED Database. In Figure 16a the details of the phases at different temperatures are displayed in a PED. In Figure 16b , a 3D crystal-structure image for the compound is rendered.
In addition, users requested the ability to retrieve additional related information on a targeted compound from the ICSD, including calculated bond lengths and angles and scholarly references. These options are also available via the Databases and Tools panel. Figure 17 (on page 56) illustrates the results from submitting a particular compound of interest to these particular ICSD tools.
User Feedback
We evaluated MatSeek by deploying it within a team of fuel cell scientists working at the AIBN. A survey of users conducted after usability testing indicated that MatSeek greatly increased the speed and efficiency at which users could search, aggregate, and analyze materials science data.
However, they requested a number of changes to the user interface to improve usability. For example, they requested that the pull-down menus of search keywords be moved to the left side (see Figure 8) . They also requested the incorporation of FactSage within the federated search interface. In addition, they requested the incorporation of statistical-analysis tools such as R (www. r-project.org) and MatLab within MatSeek's menu bar.
One of the major limitations identified by users was a lack of complete, comprehensive data in the publicly available databases. Many areas of interest within the ICSD and the NIST PED Database are completely lacking in data. However, the coverage of these databases is expected to improve over time. Commercial databases are more complete and comprehensive but outside the scope and budget of this project. Hopefully, over time, as the software tools become more reliable and sophisticated and as the culture of sharing materials science data through open-access archives becomes more widely adopted by the materials science community, this situation will improve. The dynamic mapping between ontological terms and the entity attributes from database schemas relieves users from needing to understand multiple metadata vocabularies. Moreover, the adoption of Web 2.0 technologies (for example, Ajax) enables fast, flexible software development; a userfriendly Web-based search interface; realtime access to changing, shared data; and search results that can be saved in a format that can easily be reused as input to subsequent queries.
The system developed to date is a working prototype that demonstrates the benefits of a single entry point to key materials databases and analysis tools. However, further effort is required to improve the system's usability and robustness and to overcome existing limitations. Future effort will focus on the following five issues.
First, manual effort is currently required to map the database entities and attributes into the MatOnto ontology. Ideally, the uploading and mapping of new database schemas would be streamlined and semiautomated via a Web interface.
Second, the currently incorporated tools focus mainly on the analysis of crystal structures. There are many other analytical and modeling services (such as R) and data mining tools (such as WEKA, the Waikato Environment for Knowledge Analysis 17 ) that could usefully be added to improve the precision of predictions.
Third, we plan to add support for search and analysis workflows that can be saved, edited, and reused via machine-processable languages (for example, Kepler 18 and Taverna 19 ).
Fourth, the ontology will be extended to support the addition of more materials science databases, such as FactSage.
Finally, the robustness and integrity of the MatOnto ontology will be thoroughly tested through more complex queries that depend on sophisticated reasoning and semantic inferencing rules (for example, SWRL and Pellet 20 
